New developments have spurred interest in µ B -s. The measurement of some of the decuplet µ B and the finding of new sumrules from various methods is partly responsible for this renewed interest. For example the pioneering work, a sumrule due to Franklin is not satisfied by experiment, but quantitative estimation of the violation is also interesting for test of modeling.
Introduction:
't Hooft suggested that the inverse of the number of colours (N c ) could be used as an expansion coefficient in the otherwise parameter free QCD [1] . Based on this Witten [2] suggested a mean field (MF) description of baryons -prompting the use of a phenomenological interquark potential tested in the meson sector. Indeed self consistent baryon mass calculation is feasible with success at MF level [3] using the Richardson potential as an interquark interaction [4] .
It is important to modify the Richardson potential which has only one parameter, Λ ∼ 400 MeV since the relevant parameter for asymptotic freedom is Λ ∼ 100 MeV and this lower value was needed for strange quark matter (SQM) calculation in [5] . We found mass and magnetic moments of ∆ ++ and Ω − with a modified Richardson potential using relativistic Hartree-Fock (RHF) -thereby fixing the only parameters of the potential for describing asymptotic freedom (AF) with Λ and confinement with Λ ′ respectively [6] . In the present paper we find all µ B -s so that we can compare with sumrules derived by various authors. We also compare with experiment and other calculations and hope that like the three recent determination of µ B -there will be more decuplet moments deduced soon from observations. The values that we find are thus predictions.
Formalism:
One needs to sum all gluon exchange diagrams contained in a plane to pick up an effective quark-quark potential. In the absence of an analytic derivation of such a sum, one has to pick up a potential from the meson sector phenomenology. Once the potential is chosen -one has to test it for baryons with 3 valence quarks as well as stars consisting of ∼ 10 57 charge neutralized quarks in beta equilibrium. This was done using the modified Richardson potential in [6] for symmetric baryons, and in [7] for stars.
One can view the our calculation in the spirit of large N c or look upon it as a relativistic mean field calculation with a potential which has AF and confinement -deconfinement (CD) mechanism built into it. To find the magnetic moments of all other baryons, we calculate with different quarks occupying the lowest orbital and compare our results with those obtained from analytic large colour formulations which are exact calculations but assumes static limit as the mass of baryons is infinite for N c = ∞. Our baryon masses are finite and so the comparison becomes interesting -displaying the effect of the wave functions and whatever dynamics it contains. We compare with experiments for the octet baryons and with the work of others [8, 9, 10, 11, 12, 13, 14] and QCD sumrules for the decuplet [15] .
Even though the known µ B -s cannot be explained by any model exactly, there are some sumrules, -that is some combinations of the µ B -s which are interesting to look at. The first one that is much referred is the Franklin sumrule, named erroneously after Coleman and Glashow [16] . These latter authors derived mass sumrules for SU(3) breaking and found specific µ B -s but not the actual sumrule for the octet moments -which was first done by Franklin [17] and so should carry his name 1 . We come back to the Richardson potential which is given by:
where −
is the colour contribution, N c is the number of colours, N f is the number of flavours. Here N c = 3, N f = 3 and
Here Λ is a parameter whose value was originally chosen as 398 MeV as for small q 2 the potential reduces to a linear confinement, and the linear confinement string tension from lattice calculation is about that value. Richardson chose a non-relativistic approach and succeeded to obtain the masses of two heavy mesons, namely J/Ψ and Υ [4] .
Crater and Van Alstine (CV) [18] , in a relativistic formalism used two body Dirac equation and split the confining part of the Richardson potential into a half scalar and half vector form. The rationale for this procedure is discussed in detail in Dey, Dey and LeTourneux [3] but we can not refrain from quoting the relevant and beautiful paper of Plesset [19] on the use of a potential in the Dirac equation as an energy term : "When the potential is a polynomial in r, all values of the energy are allowed. For potentials which are polynomials in order 1 r of degree higher that the first, the energy spectrum is again continuous." To get a discrete eigenvalue and hence a reasonable radius for the baryon one therefore has to avoid this "trembling" of the fermion in a energy-like Dirac field that Plesset talks of -and split the confinement potential into a scalar and vector part. The Coulomblike potential remains as such as a fourth component energy as it is the only term which survives the "trembling" problem 2 . Using Λ = 401 MeV CV [18] obtained good results for both heavy and light mesons thus vindicating the claim that the Richardson potential is a good interquark potential. Our calculation can be viewed as an extension of that of CV but for the baryon sector in the mean field approximation and with two appropriate parameters for AF and CD. A repeat of the work of CV for mesons with a modified Richardson potential will be interesting but is clearly outside the scope of the present investigation.
Calculation of baryonic property is a bit more difficult. Dey et. al.
[3] performed a relativistic Hartree-Fock calculation with an iterative loop to gain self-consistency. They obtained good values for mass and magnetic moment of the baryon Ω − that consists of three strange (s) quarks. They used Λ = 400 MeV but investigated other Λ close to this value.
The potential was then used in strange star calculation [5] . Strange stars are very compact objects composed of strange quark matter i.e. a very high density strange quark phase consisting of deconfined u, d and s quarks. Not surprisingly, the confinement does not play an important part here and one has to use Λ ∼ 100 MeV to take care of AF. The calculation is an improvement over the standard calculations using the MIT bag model since there are two body interaction terms contributing to the chemical potentials of the (u,d,s) quarks. Also the Debye screening length of the gluon introduces a density dependence which leads to deconfinement. This and the density dependence of the quark mass also enters the chemical potentials. The strange stars from this formalism are much more compact than those obtained from the MIT formalism [5, 20, 21] .
But choice of two parameters for the potential leads to good energies and magnetic moments for symmetric baryons [6] and also choice of two parameters does not alter star results significantly [7] . It only makes the value of the strong coupling constant a little larger -something more consistent in the framework of that calculation in view of the findings of [22] .
The modified potential looks like the following :
As already stated, to choose appropriate values of Λ and Λ ′ , we used the modified Richardson potential to calculate the mass and magnetic moment of two simple baryons ∆ ++ and Ω − [6] . The parameters are Λ ′ = 350 MeV for CD and Λ = 100 MeV for the AF part. This leads us to use these values of Λ ′ and Λ in strange star calculation. We got realistic EOS and good M-R relations for the modified potential [7] . We apply this potential to find the µ B -s of all the other baryons (both the decuplet and octet) with no more parameters to adjust. We stress this point since with more adjustable parameters one can always fit some or all of the magnetic moments 3 . In our calculation the aim is to limit parameters of a potential which we can also use for a strange matter calculation.
Details of Calculation:
We discuss our method in some details. For quarks in the lowest (1s 1/2 ) orbital, one may write
where φ q (r) is the quark wave function, χ m is the Pauli spinor, 1 0 for spin up quark and 0 1 for spin down quark; σ is the Pauli matrix. As Richardson Potential is spin independent, we 3 A beautiful example is in the work of Dethier et. al. [23] where in the potential term of the non-topological soliton σ-model : Table I of [23] ).
construct SU(3) f lavor wave functions for baryons keeping in mind generalized Pauli exclusion principle.
Ψ B is the total baryonic wave function. The wave functions for different baryons are given in [24] . The Hamiltonian is:
t i is the kinetic energy operator for the ith quark and V (r ij ) is the two parameter Richardson potential given in equation [3] . The energy is calculated from the relation:
Using the variational principle, we get three HF equations:
ǫ q 's are the single particle energies and
Using the wave functions given in equation [4] , we get three sets of coupled differential equations :
¿From ǫ i , the single particle energies, the energy is obtained from the following equation:
We express the Dirac components G(r) and F(r) as sum of oscillators :
where C's and D's are coefficients. The expansion reduces the differential equation to an eigenvalue problem. Starting with a trial set of C's and D's, the solution is found self consistently by diagonalizing the matrix and putting back the coefficients till convergence is reached. In general R nl (r) is : n (r 2 ) where b is the oscillator length. Oscillator lengths for G(r) and F(r) can be different and they are denoted by b and b ′ respectively. The centre-of-mass (CM) momentum is not well-defined in RHF solutions and this entails a spurious contribution from the CM kinetic energy to the total energy. Since the relative importance of this effect increases as the number of particles decreases, it is important that it should be corrected for systems formed of few particles. This can be done by extending the Peierls-Yoccoz procedure of nuclear physics to the RHF equations. The spurious contribution is denoted by T CM and the baryon mass [M] has to be compared with the difference E HF -T CM . The Peierls-Yoccoz procedure corrects the energy but is quite unreliable for µ as discussed by Lübeck, Henley and Wilets [25] . For correct boosted wave functions one has to work with wave packets as done, for example, in the non-topological soliton model by these authors. The proton mass in [25] turns out to be 930 MeV , µ p = 2.67 and the isobar mass 1083 MeV . These are typical values obtained in careful parameter-free calculations. Boosting is not attempted in the present paper since our ultimate aim is to use the procedure for a large system, a massive star, where these corrections are not relevant. On the other hand, for comparison we use the infinite mass static large N c models which also are free from these complications 4 .
The vector and scalar potentials are :
V vector (r 12 ) is used in the expression of ω q (r) and V scalar (r 12 ) is added with the mass terms in the coupled differential equations. We have also estimated the values of r.m.s. radius r av which is given by:
To obtain energy differences between decuplet and octet baryons we apply the simplest idea of instanton physics [27] .
α is the instanton induced potential between a (u,d) pair and β is the same between a (u, s) or (d, s) pair. This potential, in the large N c context, is a 1/N c correction. Incidentally, this is crucial for the diquark pairing suggested in the star calculation as an explanation of superbursts from stars lasting for hours [28] . In quark model, the magnetic moment associated with a quark is given by [29] :
e q is the charge of the quark, j is the current associated with the quark and is given by:
where φ q is the quark wave function given in eqn (4). µ q reduces to
Then µ B is found using baryonic wave functions Ψ spin × Ψ f lavor .
Results:
The baryonic masses from our calculation is tabulated in [1] along with the experimental value. We have chosen α = 188 and β = 103 MeV ( see [27] ) which gives the overall best fit. The values of the oscillator parameters b and b ′ are chosen such that E becomes independent of variation of b, b
′ . There are no other free parameters to fit in the calculation Table 1 . We have found that r av decreases with increasing baryonic masses. Table 1 : Hartree Fock energy, CM kinetic energy and mass of baryons (both decuplet and octet members) where Λ ′ is 350 MeV and Λ is 100 MeV ; using 7 × 7 matrices. We have chosen α = 188 MeV and β = 103 MeV so that the neutron and the Σ are fitted to the experimental value. Λ and Ξ are a bit low. Table [2] shows a comparison between our µ B with experimental and other theoretical values. The agreement of mass and magnetic moment from our result with those of experimental values is not too unreasonable. Results obtained in QCD sum rule (QCDSR) approach are taken from [15] for the decuplet and from the older calculation [30] for the octet. Results obtained by another large N c approximation are taken from [9] where the authors fit the octet and the Ω − moments to predict the other decuplet moments. Experimental values are compared from the website of particle data group http://pdg.lbl.gov [31] . We have also compared our result with lattice [14] and chiral perturbation theory, χpt [13] . Dai et. al [10] fitted the octet moments, in their fit A and fit B, by adjusting 10 parameters and then predicted the unknown µ − s. It is interesting to note that the inaccurately known µ ∆ + with a central value 2.75 is predicted to be 3.04 by Dai et. al. Taking the infinite colour limit and the consequent static infinite mass one can get some sumrules among the magnetic moments as shown by Jenkins and Manohar [8] . In the work of Luty et al. [12] the mass expansion for the strange quark was coupled to this limit and these afford very interesting comparison with our calculation (see table [3] ). For the decuplet the agreement between the calculations and the three known moments are the only guides. As hoped by these authors, the new experimental value of µ ∆ ++ agrees better with their calculation and with lattice than the chiral perturbation theory results.
We have also checked the validity of Franklin sumrule [17] with the µ-s obtained from different approach. The sumrule is as follows :
The value of ∆ F ranklin is +0.48 from experimental µ-s, +0.47 from the colour dielectric model (CDM) [11] µ-s, +0.14 and +0.30 from Franklin's recent calculation [32] and +0.45 from our results. Table 3 : Checking of large N c analytic results [12] , compared to our results (experimental numbers, where available is given in brackets). In the first sumrule that we list, the experimental number is off -only by 10 %. The next nine sumrules are reasonable and for the last eight the experimental numbers are not known. :
Large N c analytic relations
Our results (expt.) With help of equation [31] we found that magnetic moment for particular quarks change in different baryons, whereas quark magnetic moments are constant in naive quark model; µ u = + 1.852, µ u = − 0.972 and µ s = − 0.613 [31] . We found that with increasing mass of the baryon, the magnitude of quark magnetic moment decreases. 
Conclusions and summary:
The property of all baryons with up (u), down (d) and strange (s) quarks is investigated with an improved Richardson potential in a tree level calculation in the large N c spirit. The calculation is simple but it gives some of the quark dynamics which is absent in the exact calculation in infinite N c (infinite mass) static baryon model and thus complementary to it in some sense.
In summary, we have reasonable results for octet baryon masses and magnetic moments. For decuplet baryon, the magnetic moments are compared to the other calculations. Accurate determination of decuplet magnetic moments as done for Ω − would be very helpful for testing models including ours which can be used to predict the equation of state of strange quark matter.
